The relationship between dune geometry and the volume of mobile sediment was studied in flume experiments. In these flume experiments, the volume of mobile sediment on top of an immobile coarse sediment layer was increased stepwise and the bedform characteristics were observed. A strong relationship was found between the volume that is mobile -and therefore available for bedform formation -and the dune dimensions and regularity. If the sediment supply is limited, dunes are smaller and more regular. Series of experiments with a decreasing supply limitation were conducted for different flow velocities and water depths. The relationship between the dune dimensions and the available volume is different for each series. The observed relationships between dune dimensions and layer thickness collapse to one relationship for height and one for length if scaling parameters are introduced. Current models for bedform dimensions under alluvial conditions can be extended to partial transport conditions using this relationship.
INTRODUCTION
Bedforms on river beds are important for waterlevel predictions, which are essential to prevent floods and keep rivers navigable. The bedformsespecially dunes -are a primary source of roughness and therefore a major factor in determining water levels (Simons & Richardson, 1966) . The hydraulic roughness induced by dunes depends on their dimensions. Therefore, models to predict dune dimensions from flow and sediment characteristics have been formulated (e.g. Gill, 1971; Fredsøe, 1982; Van Rijn, 1984; Zhang, 1999) .
These models are based on full mobility conditions, under which the sediment transport is not supply-limited. In the case of a supply limitation, the sediment delivery from upstream is smaller than the local transport capacity, while local entrainment of more sediment is prevented by a layer of immobile sediment. This effect causes a limitation in the volume of mobile sediment from which bedforms can be formed. The unerodable layer may have formed naturally, as can happen when the bed shear stress can transport only a part of the bed sediment (partial transport); or the unerodable layer may be man-made, as an erosion prevention measure. In sand-gravel mixtures, partial transport conditions are common and supply-limited bedforms have been observed (e.g. McCulloch & Janda, 1964; Whiting et al., 1988; Chiew, 1991; Bennett & Bridge, 1995; McLelland et al., 1999; Carling et al., 2000; Kleinhans et al., 2002; Blom et al., 2003; Kuhnle et al., 2006; Tuijnder et al., 2007; Dreano et al., 2008) . Generally, the supply-limited bedforms that were observed have a lower relief than the bedforms observed in sandy beds, which have alluvial conditions. This observation has implications for the bedform-induced roughness: with reducing bedform dimensions, the bed roughness decreases (Van der Zwaard, 1974; Tuijnder et al., 2007) .
To improve the prediction of roughness in morphological models, it would be useful to be able to predict the bedform dimensions under supply-limited conditions. Therefore, flume experiments were conducted to study the dependency of the dune dimensions on the supply limitation. The set-up of these experiments is explained in the Experimental set-up section. In these experiments, the intention was to study the relationship between the sediment availability and the characteristics -especially the average length and height -of the bedforms that developed. The results of these experiments are presented in the Experimental results section. In the section Empirical relationship between dune dimensions and supply limitation, scaling parameters are proposed to describe the observed variation in bedform dimensions with the varying supply limitation. In the final two sections, the results are compared with previous observations of bedforms under supply-limited conditions and the conclusions from this study are presented.
EXPERIMENTAL SET-UP
The dependency of the geometry of a dune on the supply limitation was studied in experiments in a sediment-recirculating flume (Fig. 1) . The flume had a width of 1 m and a length of 30 m; the effective length for measurements of dune morphology was ca 17 m. The slope of the flow could be varied, so it was possible to realize a uniform flow at the desired discharge and water depth.
A gravel layer was installed in the flume prior to the experiments. The gravel layer consisted of almost uniform gravel with 86% of the weight between 8 and 16 mm ( Table 1) . The grain-size of the gravel layer had been chosen such that it remained stable under the shear stresses observed in the experiments. The sediment which was transported over the coarse layer consisted of uniform quartz sand with a d 50 of 0AE8 mm (Fig. 2) .
The experiments formed five series, each with a constant water depth and flow velocity (Table 2) . During each experiment, the volume of sand remained constant because the sediment was recirculated. The sediment discharged at the downstream end of the flume was fed back to Table 1 . Result of sieve analysis of the used sediments.
Sand layer
Grain-size (mm) <0AE35 0AE50 0AE71 1AE00 1AE4 >1AE4 Fraction (-) 0AE000 0AE05 0AE20 0AE60 0AE15 0AE00
Gravel layer Grain-size (mm) <4AE0 5AE0 8AE0 11AE2 16 >16 Fraction (-) 0AE001 0AE01 0AE11 0AE47 0AE39 0AE02
The sand has a uniform distribution with a d 50 of 0AE8 mm. The table shows that the bulk of the sediment used for the gravel layer is between 8 and 16 mm. the upstream end of the flume. For each series, the volume of sand on the coarse layer increased with each experiment, thereby decreasing the supply limitation. The volume of sand -including pores -on the coarse layer is expressed per square metre as the average layer thickness d (Table 3) . It was determined by subtracting the measured level of the coarse layer from the measured level of the sand bed and averaging over the flume length and the equilibrium period. The objective of the individual experiments was to take measurements of the bed morphology for each combination of layer thickness and flow conditions. It took some time before the conditions in the flume reached equilibrium after the start of an experiment. The bedform dimensions, sediment transport and bed roughness developed towards the equilibrium conditions. The slope of Table 2 . Hydraulic conditions imposed in the different experimental series. Table 3 . Overview of the key variables in the experiments: d is the average layer thickness of transport layer, Q is the water discharge, h is water depth, I e is energy slope, s b is the bed shear stress, C b is Chezy parameter related to the bed, D is the mean bedform height and r D the standard deviation of D, L is the bedform length and r L is the standard deviation of L.
An experimental study into the geometry of supply-limited dunes 1715 the bed and the level of the downstream weir were adjusted regularly to maintain uniform flow conditions at the desired water level during this adaptation period. The experiment was continued without further adjustment once the conditions were varying around a mean and thus was in equilibrium. Under supply-limited conditions, less variation in the conditions was observed over time than was the case under alluvial conditions. Therefore, the experiments were continued for a few hours after an equilibrium had been reached under supply limited conditions, while the observations were continued for up to two days under alluvial conditions ( Table 3 ). The measurements from the equilibrium periods were used for the analysis of the bedform characteristics. Measurements were made using an automated carriage that measured the bed and water level during the experiments over a length of 17AE5 m with ultrasound sensors. The water level was measured approximately in the centre of the flow. The bed level was measured at three parallel transects; at y = 0AE165, 0AE500 and 0AE835 m, where y = 0 is the left side wall when looking downstream. The accuracy of the bed-level measurements was tested by repeatedly measuring a fixed profile. The vertical standard deviation is <1 mm, while the horizontal standard deviation is ca 3 mm. In the horizontal direction, the accuracy is limited by the area of the measurement surface. The radius of the measurement surface was a few centimetres. Therefore, the ultrasound measurements are suitable for measuring the large-scale features of the dunes, but the grain scale cannot be resolved. The accuracy of the sensor for the water level is comparable to that of the bed-level sensors. The carriage measured the bed and water levels continuously. It took about 3 min to take a measurements profile in one direction, after which the carriage immediately started measuring in the opposite direction.
After Series 1 experiments, a detailed scan of the bed morphology was made using a laser distance measurement instrument. This sensor has a measurement area of 0AE2 · 4 mm and can therefore be used to make bed-level measurements with a higher spatial resolution. In the scans made with this instrument, the bed level was measured every 1 mm in the x-direction, along the flume, and every 4 mm in the lateral y-direction. The standard deviation in the y-direction and the z-direction, normal to the flume bottom, of these measurements is <1 mm. The positioning of the sensor in x-direction is slightly less accurate with a standard deviation of <2 mm.
The discharge from the large water recirculation system and the smaller sediment recirculation system was measured using inductive measurement devices. The accuracy of these instruments is ca 1% according to their specifications. From these measurements, the average flow velocity was calculated by dividing the total discharge by the water depth and flume width. Subsequently, the total shear stress was calculated from the gradient in the energy level, assuming equilibrium flow. The total shear stress was divided in a wall and bed-related part using the method of Vanoni & Brooks (1957) . The bed shear stress [s b (N m )2 )] is reported in Table 3 .
EXPERIMENTAL RESULTS

Bed-level observations
Between the experiments, the layer thickness was increased and therefore the bedform characteristics changed. This effect is illustrated firstly with pictures from the three-dimensional laser surface scans and examples of bed-level profiles from Series 1. The profiles are just examples as a new profile was made every 3 min. The distribution shows the observed levels in all profiles over the equilibrium period. In Fig. 3 , Exp. 1-1, a scan of the gravel layer is shown. There was no sediment movement that could create bedforms as the gravel was immobile. In Exp. 1-3, a sand layer of 1 cm in depth had been distributed over the coarse layer. A part of this sand disappeared from the active layer because it fell into the coarse layer. Another part of the sand laid at the surface but between the gravel particles. This part could not contribute to an increase in average bed level, because the relatively large measurement area of the echo sensor could not detect it. Therefore, a few millimetres of sand (±2 to 5 mm) is not included in the thickness of the sand layer d, as reported in Table 3 . The morphological pattern that emerged in the sand layer during the experiment is visible in Fig. 3 , Exp. 1-3. Two flow parallel stripes formed where the sand transport concentrated.
Ripple-like bedforms are present in the stripes. No profiles are shown for this experiment in Fig. 4 because the relief is very low; the sandy bedforms formed between the gravel particles. In Exps 1-4 and 1-5, which had the same flow conditions, the sand layer thickness has been increased again by 1 cm. The effective layer thickness is now 12 mm. In these experiments, straight-crested dunes appeared with a very regular topography. When more sand was added, the bedforms grew bigger and became more irregular. This effect is illustrated in Figs 3 and 4 by the disappearance of the straight crests, the appearance of the overlapping of dunes and the development of secondary bedforms on top of the larger dunes. With a further increasing sand layer thickness, the influence of the coarse layer vanished.
In Fig. 4 , Exps 1-4 and 1-6, the coarse layer is exposed between almost every dune. Therefore, all sand in the flume is part of a dune. No sand layer remains immobile while dunes are migrating over it, apart from the small amount of sand trapped in the pockets of the gravel layer. In Exp. 1-7, it can be seen that the troughs of the dunes often are not on the coarse layer. A lag-deposit of sand is present under the dunes. Some troughs are deeper and reach the coarse layer. So the sediment in the lag-deposit is regularly entrained in the transport process. In Exp. 1-8, this lag-deposit has developed further. No troughs any longer reach the coarse layer in the profile shown here. In the histogram, it can be seen that the coarse layer still is exposed sometimes, though the histogram shows a peak at the level of the coarse layer. In Exp. 1-9, the lag deposit has developed further and the troughs reach the coarse layer for only <1% of the dunes. Therefore, the influence of the supply limitation disappears in Exp. 1-9 and the dune dimensions are not significantly different from the dune dimensions of the alluvial reference experiment for Series 1, Exp. 1-10.
So, for a small sediment supply no lag deposits are observed. At some point, dunes start to coalesce and a lag-deposit starts to develop. This lag-deposit grows with the increasing sediment supply until the troughs no longer reach the coarse layer. At that point, the dunes are no longer supply-limited.
In the other series (Series 2 to 5), the same experiments were performed at water depths and flow velocities different from those in Series 1. In these series, similar trends were observed as will be shown in the following sections where the relationship of the bedform dimensions with thickness of the sand layer is explored.
Method of determining the bedform dimensions
Bedform dimensions were determined from the measured bed-level profiles using a 'zero-crossing' method ( Van der Mark et al., 2008) . In this method, the crossings of the bed level with a fitted linear trend line are recognized (Fig. 2) . Between an up and a down crossing, a crest is selected at the maximum, and between a down and an up crossing, a trough is selected at the minimum. The bedform length [L (m)] is defined as the distance between successive down crossings. The bedform height [D (m)] is defined as the height difference between a crest and the trough on the downstream side.
Using this method, secondary bedformssmaller bedforms migrating on top of other bedforms -are sometimes recognized. In other studies, such secondary bedforms were often removed because the researchers were only interested in dune dimensions and bedforms smaller than a certain size were not considered to be dunes (e.g. Bakker, 1982; Allen, 1984; Leclair, 2002) . In the present study, no minimum length or height for a dune has been defined because the bedforms vary in size due to the supply limitation. The bedforms that are considered here to be supply-limited dunes in one case have the same dimensions as the secondary bedforms in another experiment. Therefore, a different threshold would have to be used for every experiment, making the analysis subjective. The total distribution of observed dune dimensions is analysed here. The effect of not removing secondary bedforms is that the reported dimensions will be somewhat smaller. This effect is small because the secondary bedforms form on the crests of dunes, usually above the mean level of the bed, which is used for bedform detection.
Variation in average dune dimensions with supply limitation
The bedform dimensions were determined for all profiles within the equilibrium period (25 to 700 profiles) of each experiment using the method explained above. The average and the standard deviation of the height and length are shown in Figs 5 and 6. It can be seen that the average dune dimensions increase with an increasing (sand) layer thickness for all series of experiments. In Figs 5A and 6A, the flow velocity is equal for all series (u = 0AE52 m sec )1 ) and the water depth varies between the series. It can be seen that, for increasing water depths, the dunes grow to larger dimensions under alluvial conditions. The differences in average dune dimensions between the series decreases with a decreasing sediment availability.
Figures 5B and 6B show the increase in dune height and length with an increase in d for series with a constant water depth; now the flow velocity was varied between these series. The bedforms grow towards larger dimensions for Series 1 (u = 0AE52 m sec )1 ) than for Series 5 (u = 0AE46 m sec )1 ). Series 4 seems to grow towards an alluvial height, which is equal to Series 1; unfortunately observations for a layer thickness larger than 4 cm were not available to the authors.
The bars in Fig. 5 show the range of one standard deviation in bedform height. The standard deviation (r) increases with d. The relative standard deviation, the standard deviation divided by the average (l), also increases with increasing sediment supply (Fig. 7) . This observation shows that the supply-limited dunes are more regular than the alluvial dunes. The increase in relative standard deviation for d fi 0 is caused by coarse grains, which are recognized as bedforms. These points can be ignored.
The dune height divided by the length, namely the dune steepness, is shown in Fig. 8 . The steepness increases quickly with increasing sediment availability. The alluvial steepness was reached at a layer thickness of ca 5 cm, whereas the length and the height of the dunes was still increasing, as can be seen in Figs 5 and 6; this suggests that the dune steepness is constant in the slightly supply-limited regime. The height approaches zero for a strong supply limitation, while the length does not. See the surface scan of Exp. 1-3 in Fig. 3 : the wavelength is still clearly recognizable while the height of the bedforms is so small that the coarse layer is just covered at the crests of the dunes.
Spectral development from supply-limited to alluvial conditions
A spectrum of the bed-level profiles can reveal whether dominant wavelengths are present or whether the bed consists of many different wavelengths. It has been shown that longitudinal wave number spectra show a )3 slope over a certain range for fully developed sand wave fields (Nordin & Algert, 1966; Hino, 1968; Nikora et al., An experimental study into the geometry of supply-limited dunes 1719 1997). This means that, in a sand wave field, all wavelengths are present between a certain minimum and maximum wavelength, these wavelengths are controlled by the bed shear stress and the sediment characteristics. This range of wavelengths is called the scaling region (Nikora et al., 1997) . Figure 9 shows the longitudinal wave number spectra for the experiments of Series 2. The )3 scaling law is indicated by the straight dashed line. Going from supply-limited to alluvial conditions, a development towards this )3 slope is visible in the presented experiments. In the spectrum of the coarse bed (Exp. 2-1), the )3 slope -and thus a scaling region -is not visible and no spectral peaks are present. Adding a sand layer of 1 cm in Exp. 2-2 causes the loss of energy between a wavelength of 3 and 30 cm and causes a small peak at a wavelength between 30 and 50 cm; this shows that the sand smoothes out the small imperfections in the handmade bed. The small spectral peak reveals the presence of small bedforms. These are bedforms comparable to Fig. 3 , Exp. 1-3, which are extremely supplylimited dunes. The bedform length related to this peak agrees with the mean bedform length measured with the zero-crossing method as reported in Table 3 and Fig. 6A .
With further increasing sediment availability, the peak in the spectrum shifts towards lower frequencies and the total variance (the area under the spectrum) increases. Gradually, the spectrum to the right of the peak starts to approach the )3 slope; this indicates an increasing spectral energy for wavelengths smaller than the peak wavelength. This effect can be attributed to the increasing presence of small bedforms superimposed on the larger ones. When the alluvial situation is approached (see Exps 2-6 and 2-7), the well-defined peak disappears and the energy in the spectrum spreads over a wide range of frequencies. This observation agrees with the increasing standard deviation of bedform lengths and heights shown in Figs 5 and 6. With an increase in the sediment availability, not only do the bedform dimensions increase, but also the bedforms become more irregular.
Comparison of the results from the spectral and zero-crossing method
Both zero-crossing and spectral analyses provide different information on the bedform characteristics. An extensive treatment of the relationship between dune dimensions from a zero-crossing method and the statistical properties of bed-level profiles is given in Nordin (1971) .
The peak wavelength -as can be observed in the spectra -provides an alternative means to characterize the bedform length. In Fig. 10 , the peak wavelength, L-peak, is compared to the mean wavelength from the zero-crossing method. The results from both methods are very similar up to a L-mean of ca 1AE2 m. Figure 10 shows that the observations follow the L-mean = L-peak relationship, with a small systematic difference between the two methods. Up to the wavelength of ±1AE2 m, the dunes are regular and their spectra are peaked. From this point on the spectra are no longer peaked, instead they tend to show an approximately equal spectral energy for all longer wavelengths. See the horizontal lines for Exps 2-6 and 2-7 in Fig. 9 for wavelengths >1AE4 m. Under An experimental study into the geometry of supply-limited dunes 1721 these alluvial conditions, wavelengths longer than L-mean sometimes have a slightly larger spectral energy, which causes a difference between the L-mean and L-peak. These peaks do not represent actual dune wavelengths, as the amplitude is very small compared to the wavelength. It suggests the presence of larger bed features (Nikora et al., 1997) . It has been suggested that the characteristic wavelength in this case is the wavelength of the end of the scaling region. Unlike the bedform length, the bedform height cannot be directly read from the spectrum. However, the area under the spectrumthe total variance of the bed -is related to the bedform height. It has been shown that D/2 is distributed according to a Rayleigh distribution (Cartwright & Longuet-Higgins, 1956 in Nordin, 1971 if the bed elevations have a Gaussian distribution with standard deviation r. This can be expressed as:
The bedform dimensions from the zero-crossing method reported here are averages. The mean bedform height (l D ) can then be calculated as follows (Bendat & Piersol, 2000) :
The mean bedform height is therefore ca 2AE5 times the standard deviation of the bed level. Figure 11 shows the bedform height from the zero-crossing method against the standard deviation, the square root of the variance. The data points lie on a straight line with a steepness of 2AE5. This agrees with the result of Cartwright & Longuet-Higgins (1956) , even though the bed-level distribution is not Gaussian in all experiments due to the presence of the coarse layer, see Fig. 4 .
EMPIRICAL RELATIONSHIP BETWEEN DUNE DIMENSIONS AND SUPPLY LIMITATION
A relationship between the dune height and the sand layer thickness may be useful when predicting the bed roughness and sediment transport for supply-limited situations. Therefore, the experimental data were used to derive an empirical model. Figure 12 shows that the steepness of the fitted functions decreases with a decreasing distance to the asymptotic value, the alluvial dune height (D 0 ):
L is introduced as a characteristic length parameter to fit the model:
Integration of this equation gives: The integration constant, C, is zero because D = 0 for d = 0. If L is a constant, Eq. 5 suggests that there should be one relationship between the relative dune height (D/D 0 ) and the layer thickness d. Figure 13 shows the relative dune height against the layer thickness. It indeed shows that the measured dune heights collapse to one line when the dune height is divided by the alluvial dune height D 0 . The dune length also shows this collapse when divided by the dune length under alluvial conditions but the scatter is larger. Unfortunately, the absolute value of d cannot be considered a good model parameter. If applied to a situation where the water depth and dune size are much smaller or larger, then the absolute d from these experiments will have no predictive power. It can be assumed that the parameter L is related to D 0 , but the variation in D 0 in these experiments is too small to demonstrate the relationship. Another set of experimental data from Dreano et al. (2008) is used for this purpose. These data have also been plotted in Fig. 13 and are visible to the left of the data for the present study.
Several key characteristics of the experiments by Dreano et al. (2008) are mentioned here; their experiments are comparable to the experiments presented here because the supply limitation was also systematically varied while measuring the bedform characteristics. However, the scale of the experiments by Dreano et al. is much smaller; therefore, they can provide additional information. The water depth, in a closed duct flume, was 3AE5 cm compared to 20 to 30 cm in the present experiments. In the experiments, glass beads )0AE1 mm in diameter with a density of An experimental study into the geometry of supply-limited dunes 1723 2AE5 g cm )3 -were fed into a flume and transported over a surface with glass beads glued to it. Two series of experiments were carried out: one with 0AE1 mm glass beads glued to the bed, the other with 0AE25 mm glass beads. The flow discharge was constant for all experiments.
In these experiments, the dune height also showed an increase with an increasing active layer thickness and increasing sediment transport rate. However, the data do not show constant alluvial dune dimensions for large d, which may be an indication that alluvial conditions were not yet reached in the experiments. As the alluvial dune dimensions were unknown, the alluvial value has been estimated based on the observed dune heights and the water depth in the experiments (D 0 = 0AE6 cm, L 0 = 7 cm). Figure 14 shows the result of using the relative layer thickness (d/D 0 ) on the x-axis. The present experiments are still on one line, but now the data of Dreano et al. (2008) also concentrate around the same line; this shows that the relative dune height has the same relationship with the relative layer thickness for different conditions. In other words, the relative layer thickness determines the level to which the relative dune height can develop.
This result is very insensitive to the estimated value of the alluvial dune dimension in the experiments of Dreano et al. (2008) . The lower limit for the alluvial dune height is the measured maximum dune height. The maximum value for the alluvial dune dimensions is approximately one-third of the water depth in the experiments. The results of Dreano et al. (2008) plot on the curve for all values between the minimum and maximum. The points only move along the curve. The assumed value for the alluvial dune height in Fig. 14 is 0AE60 cm, which is just a little larger than the maximum observed dune height of ca 0AE52 cm.
The collapse of the data points to one relationship between the relative dune height or length and the relative layer thickness provides the opportunity to make a model for the dune dimensions under supply limitation. The following equations are proposed.
If a linear relationship between L and D 0 is assumed (L = aD 0 ), Eq. 5 can be expressed as:
This relationship has one parameter to fit, a h , which determines the rate of adaptation to the alluvial dune height. The relationship for the dune length (Eq. 7) is derived analogue to Eq. 6.
Only the boundary condition L = 0 for d = 0 is not imposed. Because a wavelength can remain while d fi 0 as was observed in Exp. 1-3 (Fig. 3) where the bedforms formed mainly between the gravel particles. Therefore, the equation has an additional parameter b, which is used to fit the model to a finite bedform length for d fi 0:
The models were fitted to the data of the present experiments using non-linear least squares fitting. The results are a h = 0AE39, a l = 0AE24 and b = 0AE96. 
DISCUSSION
The main goal of this study was to investigate how the dune characteristics, most importantly the average length and height, react to a supply limitation. It was observed that the average dune height and length decrease with decreasing average layer thickness. This trend is found in other flume data and some field data as well (Kleinhans et al., 2002) . The experiments of Kuhnle et al. (2006) are particularly interesting, because conditions in these experiments were comparable, but the cause of the supply limitation was different. A bed of a well-mixed bimodal sediment, which was a little finer than in the present experiment, was subjected to increasing shear stresses. The sediment mixture was only partially mobile, creating a supply limitation under the lower flow conditions. The thickness of the transport increased and the supply limitation decreased with increasing shear stress. First, under the lowest shear stress, flow parallel strips were observed. Flow transverse bedforms with increasing bedform dimensions were observed when the shear stress increased. This effect was caused by an increasing sediment availability, analogous to these experiments.
A different reaction of dune characteristics to a supply limitation was found in the Rhine in Germany. Carling et al. (2000) described the occurrence of sand dunes on top of a stable gravel lag. The available volume of sand is not enough to cover the entire bed, therefore the reach is supply limited. The dunes react to the supply limitation by forming isolated dunes rather than sedimentstarved dunes [nomenclature following Dalrymple & Rhodes (1995) and Carling et al. (2000) ]. Isolated dunes are dunes that have a varying spacing between dunes where the underlying stable base is exposed. These dunes can develop until they are depth limited, just as alluvial dunes. The supply limitation manifests itself in the larger space between dunes. Sediment-starved dunes, on the contrary, develop a smaller height and length due to the limited sediment availability. In the present observations, the dunes react to supply limitation by changing the length and height, thus forming sediment-starved dunes as surmised by Dalrymple & Rhodes (1995) . A possible cause for the difference with Carling et al. (2000) is the fact that the present experiments were conducted under equilibrium conditions, while, in the field, the bedforms are subjected to repeated flood waves. Carling et al. (2000) provided a conceptual model for the influence of stage history on the behaviour of dunes which describes how the bed morphology is adapting continuously to the present conditions. These non-stationary effects were not studied in the present experiments and therefore the model should be considered a model for equilibrium conditions.
Range of validity
In the present experiments, the water depth and the flow velocity were varied to incorporate their influence on the bedform dimensions into the model. The data from these experiments show that the relationship between relative bedform dimensions and the relative layer thickness is independent of water depth and flow velocity. The range of water depths in these experiments was 15 to 30 cm. These water depths are far enough apart to clearly see their influence on the alluvial dune dimensions. The range in velocity was 0AE46 to 0AE67 m sec )1 but the high velocity series unfortunately is not complete. The influence of the velocity was visible, but limited in range.
Scaling parameters are often valid beyond the range of observations which were used to discover them. Therefore, the dependency of the relative dune dimensions on the relative layer thickness may extend well beyond the range of parameters observed here, but this requires validation with other data sets. The fact that the data of Dreano et al. (2008) plot on the same line gives some validation for smaller dimensions, but validation is still required for larger dimensions; especially because the application of the relationship will typically be on larger-scale problems.
Bedform dimensions are also dependent on the grain-size of the transported sediment, as shown by the dependency of most alluvial dune dimension models. However, the grain-size has not been varied in the present experiment. The experiments by Dreano et al. (2008) were conducted using much finer sediment than was used for the present study. The fact that the same trend was found in these experiments suggests that the relationship may be grain-size independent as well. Finally, it is still unknown whether the geometry of the supply limited bedforms is dependent on the grain diameter of the immobile gravel layer.
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Application of the model
The authors would like to be able to predict the bed roughness in morphological and hydraulic river models based on knowledge of the characteristics of the river bed. Currently, the roughness parameters are often used to calibrate the model. By accounting for more processes in the river models, it is hoped to take a further step towards an accurately predicted roughness parameter. For roughness predictions under alluvial conditions, the roughness prediction could be based on the present models for bedform dimensions. The model presented in this paper can extend these models to incorporate partial transport conditions, provided that the volume of available sediment for bedform formation per square metre is a predictable parameter.
CONCLUSIONS
The following key conclusions are drawn from the experiments and the data analyses.
• The supply limitation clearly limits the dimensions to which dunes develop. The equilibrium bedform dimensions increase with an increasing supply of sediment, which was characterized by the active layer thickness.
• The irregularity of the dunes increases with increasing supply; or stated the other way around: the presence of the unerodable layer suppresses the development wavelengths other than the dominant wavelength. This effect is visible in the wave number spectra. Compared with the alluvial condition, wavelengths both larger and smaller than the peak wavelength are missing in a supply-limited dune field.
• The relative layer thickness determines the maximum relative dune height that can develop. This relationship is independent of both water depth and flow velocity. Therefore, these parameters can be used to formulate a model that extends the use and usefulness of existing models for dune dimensions in the alluvial regime to the supply-limited regime. 
